INTRODUCTION
============

Chronic ethanol exposure increases the risk of adverse health effects through simple hepatic steatosis to steatohepatitis, fibrosis, and cirrhosis. Chronic ethanol consumption perturbs methionine (Met) metabolism, which results in decreased methionine production and increased homocysteine (Hcy) production as a result of reduction in methionine synthase (MS) activity \[[@B1],[@B2],[@B3]\]. Hcy is a potentially toxic aminothiol compound to cells. Numerous clinical and epidemiological studies have demonstrated that increased cardiovascular disease and risk of stroke are strongly associated with enhanced plasma levels of Hcy \[[@B4],[@B5],[@B6]\].

Hcy is a sulfur amino acid intermediate in the transmethylation and transsulfuration pathways, and a precursor of S-adenosylmethionine (SAM) and cysteine (Cys) biosynthesis. Recent studies have shown a direct causal relationship between induction of hyperhomocysteinemia and accelerated atherosclerosis in apolipoprotein E-deficient mice with diet- and/or genetic-induced hyperhomocysteinemia \[[@B7]\]. Methionine is essential for the adequate growth and development of mammals and a precursor of SAM synthesis. SAM is also a precursor of reduced glutathione (GSH) through its conversion to Cys by means of the transsulfuration \[[@B8],[@B9]\]. Chronic ethanol treatment resulted in a significant fall in hepatic SAM level, SAM/S-adenosylhomocysteine (SAH) ratio, and DNA methylation. Therefore, administration of SAM resulted in a partial correction of SAM depletion and a consequent restoration of glutathione levels and prevented chronic alcohol-induced mitochondrial dysfunction in the rat liver \[[@B8],[@B10],[@B11]\]. Hepatic SAM depletion and a decreased SAM:SAH ratio due to chronic ethanol exposure is associated with different degrees of liver injury in animals such as fatty liver, inflammation, and fibrosis \[[@B12],[@B13]\].

In addition, the pathogenesis of ethanol-induced liver injury is associated with the adverse effects of ethanol metabolites and the ability of ethanol to induce oxidative stress. Acute or chronic ethanol ingestion increases reactive oxygen species (ROS) in the liver and plasma \[[@B14],[@B15],[@B16]\]. Oxidative stress, a state of imbalance between the generation of reactive species and the antioxidant level, represents an important pathogenic factor of acute or chronic liver disease, evidenced by decreased antioxidants such as GSH and increased lipid peroxidation products such as malondialdehyde (MDA).

Finkelstein and Martin \[[@B17]\] demonstrated that methionine supplementation of 1.5% increased hepatic SAH only and methionine supplementation of 3.0% caused hepatic accumulation of SAM and SAH. On the other hand, feeding rabbits a chow diet enriched with 0.3% methionine for 6 or 9 months caused hepatic injury including hepatitis and fatty liver \[[@B18]\] and rats received drinking water containing ethanol (20% v/v) and methionine supplemented diet (2% w/w) augmented hepatotoxicity and prooxidant status in chronically ethanol-fed rats \[[@B19]\]. The role of methionine supplementation, toxic and potentially beneficial, remains to be determined in ethanol-fed rats and the underlying mechanisms of its effect on liver or plasma are poorly understood.

In the present study, we examined the effects of dietary methionine supplementation on ethanol-induced changes in oxidative stress, plasma lipid profile, and liver toxicity induced by ethanol ingestion in rats. We evaluated hepatotoxicity and vascular atherogenic potency by analysing biochemical parameters of plasma and liver.

MATERIALS AND METHODS
=====================

Animals and diets
-----------------

Five-week-old male Wistar rats weighing 175-185 g (Orient Bio, Seongnam, Korea) were initially fed a chow diet until they reached body weights of 200-220 g. After a 7 day adjustment, the rats were acclimated for 3 days to the liquid control diet. The animals were randomly assigned to one of four groups of 8 rats each: (1) a pair-fed control group (2) E group; essentially the same as the liquid ethanol diet described by Lieber and DeCarli \[[@B20]\] with the proportion of energy as follows: 11% carbohydrate, 35% fat, 18% protein, and 36% ethanol. Ethanol was introduced into the diets gradually over 7 days. Soybean oil was used as the fat source in the liquid diet. (3) EM1 group: these animals obtained ethanol diet containing 6 g DL-Met/L (4) EM2 group: these animals obtained ethanol diet containing 8 g DL-Met/L. Control and E group were received a liquid diet containing 0.3g DL-Met/L. All diets contained 0.5 g Cys/L and 10 g sulfathiazole (Sigma)/L to inhibit folate formation by gut bacteria. The diets were fed for 5 weeks.

The amount of diet consumed was monitored daily. We tried to pair-feed the animals in the control group by feeding the same amount of food as was consumed by the E group over the preceding 24 hrs.

Rats were housed individually in plastic cages at a temperature of 23 ± 1℃ and a humidity of 50 ± 5% with a daily light cycle from 0600 to 2000 hr. Body weight was measured weekly. The animal experiments followed protocols established by the NIH Guide for the Care and Use of Laboratory Animals. The experimental protocol was approved by the Institutional Animal Care and Use Committee of Hannam University (HNU 2012-1).

At the end of the 5-week feeding period, the rats were fasted overnight and anesthetised with carbon dioxide. Blood samples were collected by cardiac puncture into heparinised syringes. Blood was immediately centrifuged for 15 min at 1,500 × g and 4℃ to collect the plasma. Liver tissues were removed, washed in ice-cold saline, and frozen rapidly in liquid nitrogen. The samples were stored at -70℃ until analysis.

Plasma biochemical parameters
-----------------------------

Plasma alanine aminotransferase (ALT), aspartate aminotransferase (AST), and triglyceride (TG) were measured using a photometric auto-analyser (Stanbio Lab, Texas, USA). Plasma levels of total cholesterol (TC) and the fraction of HDL-cholesterol (HDL-C) was estimated enzymatically with standard kits (Stanbio Lab, Texas, USA).

Plasma and liver aminothiol compounds
-------------------------------------

Plasma and hepatic levels of aminothiols including total Hcy, Cys, cysteinylglycine (CysGly), and GSH were determined by high performance liquid chromatography (HPLC) simultaneously with fluorometric detection (excitation at 385 nm and emission at 515 nm) according to Nolin et al. \[[@B21]\]. Aminothiol compounds were separated on a Hypersil Gold ODS analytical column (250 × 4.6 mm I.D., 5 µm particle size) (Thermo, Runcorn, UK). Hepatic levels of Hcy, Cys, and CysGly were below detection limits in this analytical method.

Liver and plasma thiobarbituric acid reactive substances (TBARS)
----------------------------------------------------------------

Plasma and liver lipoperoxides were analysed by HPLC separation of MDA-thiobarbituric acid (TBA) adduct \[[@B22]\]. MDA-TBA adducts were separated on a Zorbax Eclipse C8 column (150 ×4.6 mm I.D., 5 µm particle size) (Agilant, Santa Clara, CA, USA) and Security Guard C8 guard column (Phenomenex, Torrance, USA). MDA-TBA adducts were quantified with fluorometric detection (excitation at 515 nm and emission at 553 nm).

Liver SAM and SAH
-----------------

To determine hepatic levels of SAM and SAH, portions of the frozen liver were homogenized with 0.4 M HClO~4~ and centrifuged at 12,000 × g at 4℃ for 30 min. SAM and SAH were analysed by HPLC equipped with 250 × 4.6 mm Ultrasphere 5-µm ODS Betasil analytical column (Thermo, Runcorn, UK) according to Wagner et al. \[[@B23]\].

Liver folate
------------

Liver folate was measured by 96-well microplate microbial (*L. rhamnosus*) assay \[[@B24]\]. Portions of liver were homogenised and autolysed for hydrolysis of γ-glutamyl residues in the presence of sodium ascorbate at 37℃. Supernatants of liver homogenates were used for the folate assay.

Statistical analysis
--------------------

The results were expressed as mean ± standard error. Differences among the experimental groups were examined by one-way ANOVA at a significance level of *P* \< 0.05; if significant differences were found, a post-hoc analysis was performed using Duncan\'s multiple range test. All statistical analyses were performed using SPSS 20.0 for Window (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Body weight and food intake
---------------------------

It was shown that food intake in rats fed ethanol (E group) was less than in rats fed the control diet ([Table 1](#T1){ref-type="table"}) because we failed to do complete pair-feeding during the first 3 days of experimental diet period. However, control rats were completely pair-fed with the E group for the consecutive 32 days of the experimental period. Food intake in rats fed ethanol with supplemental methionine (EM1 and EM2) was significantly less during 5 weeks feeding than in rats fed the ethanol alone, exhibiting toxicity of excessive methionine supplementation ([Table 1](#T1){ref-type="table"}). The final body weight in rats fed methionine supplemented diet was 11.8% (EM1), and 22.9% (EM2) lower than in rats fed ethanol alone. We found that voluntary food intake tended to be lower in rats fed methionine supplemented diet and methionine supplementation depressed food intake in a dose-dependent manner (EM1 and EM2). Ethanol treatment (E) significantly increased the liver:body weight ratios compared to those of rats fed control, whereas methionine supplementation (EM1) decreased the ratios compared to those of ethanol-fed rats (E).

Plasma ALT and lipids
---------------------

Ethanol treatment (E) caused significant increase in plasma ALT activity (*P*\<0.05) and HDL-C (*P*\<0.001) ([Table 2](#T2){ref-type="table"}). Methionine supplementation (EM1 and EM2) attenuated the rise in plasma ALT activity induced by ethanol treatment, but the change was not statistically significant. Ethanol treatment did not significantly alter plasma TG and TC ([Table 2](#T2){ref-type="table"}). Methionine supplementation with ethanol feeding (EM1 and EM2) caused significant increase in plasma TG and TC compared with the E group.

Plasma and liver aminothiols and MDA
------------------------------------

We evaluated the effect of chronic ethanol treatment and methionine supplementation on plasma and hepatic levels of aminothiol compounds including Hcy, Cys, CysGly, and GSH. As shown in [Table 3](#T3){ref-type="table"}, ethanol treatment significantly increased plasma Hcy, but it did not affect the concentrations of plasma Cys, CysGly, and GSH. Plasma Hcy was significantly altered by ethanol consumption, and increased moderately by the EM1 diet and severely by the EM2 diet (*P* \< 0.001). In contrast to plasma aminothiol levels, hepatic levels of aminothiol compounds, except for GSH, were very low and not detectable by the analytical method we used in this experiment. Approximate detection limits of aminothiol compounds under the conditions we used were estimated as 1µM for Hcy and CysGly and 15 µM for Cys. The mean hepatic GSH concentration was 3.22 ± 0.23 µmol/g in the control group, which was approximately sixtyfold-higher compared to plasma GSH ([Table 3](#T3){ref-type="table"}). Plasma GSH was not altered by the ethanol treatment and methionine supplementation. However, liver GSH was increased by ethanol treatment. Methionine supplemented diets with ethanol (EM1 and EM2) did not alter hepatic GSH in comparison to ethanol diet (E). Liver folate concentrations were not affected by ethanol treatment alone, but were elevated by 50% in rats fed the EM1 diet and by 33% in rats fed the EM2 diet (*P* \< 0.05) ([Table 3](#T3){ref-type="table"}).

We found that the EM1 and EM2 diet significantly elevated plasma MDA, a marker of lipid peroxidation, compared to the E group (*P* \< 0.01) ([Fig. 1](#F1){ref-type="fig"}). However, liver MDA was not changed by the ethanol treatment and methionine supplementation.

Liver SAM, SAH, and SAM:SAH ratio
---------------------------------

Ethanol treatment (E) significantly decreased hepatic SAM:SAH ratio, whereas hepatic SAM and SAH level was not affected by ethanol feeding ([Fig. 2](#F2){ref-type="fig"}). Dietary methionine-supplementation (EM1 and EM2) resulted in a marked accumulation of hepatic SAM and SAH in rats fed ethanol (*P* \< 0.001). We observed a small increase in hepatic SAH in rats fed the EM1 diet and a remarkable increase of it in rats fed the EM2 diet (*P* \< 0.01). However, hepatic SAM:SAH ratios were restored to control levels by methionine supplementation (EM1 and EM2).

DISCUSSION
==========

Ethanol-induced liver injury has been associated with abnormal methionine metabolism \[[@B1],[@B25]\]. Methionine metabolism occurs predominantly in the liver and the liver is known to be the only tissue that responds to excessive dietary methionine by increasing the rate of methionine metabolism \[[@B10],[@B13],[@B17]\]. Chronic ethanol treatment resulted in a significant fall in hepatic SAM level and SAM:SAH ratio and led to DNA hypomethylation. SAM is the principle biological methyl donor in numerous transmethylation reactions and a precursor of reduced GSH through its conversion to Cys by the transsulfuration pathway. GSH is a major endogenous antioxidant that protects cells against injury by scavenging free radicals that play a pathogenic role in alcoholic liver disease.

In the present study, we examined the effect of high dietary methionine supplementation on plasma lipid profile and hepatic and plasma oxidative stress induced by chronic ethanol treatment in rats. Chronic ethanol consumption retarded general growth, elevated plasma aminotransferase activity and Hcy level, and disturbed overall methionine metabolism in the liver. Excessive addition of DL-methionine at a dosage 0.6% (EM1) and 0.8% (EM2) in liquid ethanol diet reduced general growth further and increased plasma TG, cholesterol, and MDA levels in rats, although it tended to decrease plasma ALT. These results show that excess methionine supplementation may exert atherosclerotic effect in rats by inducing dyslipidemia and oxidative stress.

In plasma, excessive intake of methionine (EM1 and EM2) elevated Hcy only among the thiol compounds produced in the transmethylation and transsulfuration pathway of methionine metabolism ([Table 3](#T3){ref-type="table"}). Change in plasma Hcy was not linear to the applied methionine amount. EM1 diet elevated plasma Hcy slightly whereas EM2 diet elevated it remarkably. This result may be arising from overloading Hcy metabolic capacity with exogenous methionine in the EM2 rat liver. A number of studies have demonstrated that excessive intake of dietary methionine (2.0%, 2.4%, or 3% methionine diet) elevated plasma Hcy concentrations \[[@B26],[@B27],[@B28]\]. The highly reactive thiol group of Hcy is readily oxidized in plasma to form ROS. Thus, high plasma Hcy levels may exert its atherogenic effect on cardiovascular tissue through a mechanism involving oxidative damage.

GSH is synthesized by the γ-glutamyl cycle as a by-product of the transsulfuration pathway and Cys levels are rate-limiting for the synthesis of GSH, the major antioxidant. GSH is the most prevalent cellular thiol compound and it both protects cells from the toxic effects of reactive oxygen compounds and serves for storage and transport form of Cys moieties. Our data demonstrated that the hepatic level of GSH was significantly higher in the E group compared to the control group. Numerous other studies have shown that the hepatic concentrations of GSH are either unchanged or elevated by chronic ethanol consumption \[[@B29],[@B30]\]. Ethanol oxidation generates ROS and induces a state of oxidative stress which contributes to the pathogenesis of alcoholic liver injury. An increase in hepatic GSH may be due to increased synthesis of GSH in respond to oxidative stress by ethanol consumption, reflecting an adaptive change against ethanol-induced lipid peroxide toxicity \[[@B29],[@B30]\]. The hepatic accumulation of GSH is shown to be markedly dependent on the methionine supply in rats \[[@B31]\]. However, plasma and hepatic GSH levels were not affected by methionine supplementation in ethanol-fed rats in our study ([Table 3](#T3){ref-type="table"}). Since oxidative stress alters GSH, further studies are necessary to clarify the effects of the increased SAM and SAM:SAH ratio on hepatic oxidative stress.

SAM is the principle biological methyl donor to various acceptor substances, including nucleic acids, histones, proteins, phospholipids, and biological amines. Most SAM is used in transmethylation reactions and converted to SAH, which, conversely, is the principal inhibitor of all methylation reactions. Because the Km of many methylation reactions is similar to their inhibitory Ki, the ratio of SAM to SAH may be considered an index of methylation capacity \[[@B8],[@B10]\]. We observed that chronic ethanol consumption decreased the hepatic SAM:SAH ratio significantly, although the change in hepatic SAM and SAH was not statistically significant ([Fig. 2](#F2){ref-type="fig"}). Previous studies have shown that chronic ethanol consumption caused a decrease in SAM concentration and SAM:SAH ratio largely because of decrease in methionine availability due to decreased hepatic activities of methionine synthase \[[@B1],[@B13]\]. Hepatic SAM, SAH, and SAM:SAH ratios were significantly elevated by the supplementation of excess methionine (EM1 and EM2) compared to rats fed ethanol alone (*P* \< 0.01). The effects of ethanol feeding on SAM concentrations have known to be somewhat variable \[[@B13]\]. In rats fed the Lieber-DeCarli ethanol diet for 4 wks, the SAM level was unchanged and actually decreased with more prolonged feeding (for 8wk) \[[@B32]\]. It was proposed that the increase in SAM is caused by both increased synthesis and impaired utilization of SAM because SAH is a potent competitive inhibitor of transmethylation reaction. Both a decrease in the SAM:SAH ratio and increase in the SAH level are known to inhibit transmethylation reaction.

SAM is also a precursor of GSH through its conversion to Cys and particularly important for attenuating the toxicity of free radicals generated by various toxins, including alcohol \[[@B32],[@B33]\]. In patients with liver cirrhosis, hepatic SAM concentration is greatly decreased as a result of reduction in the methionine adenosyltransferase reaction \[[@B10],[@B34]\]. SAM has recently been shown to attenuate ethanol-induced liver injury by restoring hepatic concentrations of GSH depleted by ethanol as well as by up-regulating the transsulfuration pathway \[[@B25],[@B35],[@B36]\]. SAM has been shown to be a noncompetitive inhibitor of cytochrome P450 2E1 (CYP2E1) activity, and depletion of SAM sensitizes hepatocytes to CYP2E1 toxicity in vitro while exogenous SAM protects against CYP2E1-dependent hepatotoxicity in vivo \[[@B34]\]. Depletion of SAM correlates with increased lipid peroxidation and mitochondrial damage. Thus, chronic depletion of SAM can predispose the liver to injury. Changes in hepatic SAM levels vary depending on the levels of supplemental methionine. Excess dietary methionine caused a transient increase in methionine, SAM, and Hcy \[[@B17]\].

GSH have important antioxidative properties \[[@B37],[@B38]\]. GSH is a major endogenous antioxidant that protects cells against injury by scavenging free radicals, which play a pathogenic role in alcoholic liver disease. SAM is a precursor of reduced glutathione through its conversion to Cys by means of the transsulfuration pathway \[[@B8],[@B34]\]. In the transsulfuration pathway, SAM regulates the synthesis of GSH by its facilitation of the cystationine β synthase reaction. Therefore reduced SAM leads to reduced production of GSH. In this study, the hepatic content of SAM was increased by methionine load, and increased SAM levels may stimulate methionine adenosyltransferase further. We found that excess methionine increased plasma MDA level but not hepatic MDA in ethanol-fed rats ([Fig. 1](#F1){ref-type="fig"}). These results may show that methionine supplementation can attenuate ethanol-induced hepatic oxidative stress by increasing SAM and SAM:SAH ratio.

In summary, excess methionine supplementation appeared to increase the atherogenic effects on plasma, as indicated by increased plasma levels of Hcy, TG, cholesterol, and MDA. On the other hand, excess methionine supplementation increased hepatic levels of SAM, SAH, and the SAM:SAH ratio indicating a possible protective role against alcohol-induced hepatic oxidative stress by activation of the transsulfuration pathway producing GSH. Further studies are needed to clarify the effects of methionine supplementation with ethanol consumption on oxidative stress of plasma and liver using various indicators of oxidative stress.
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###### Effects of methionine supplementation on body and liver weights in chronic ethanol-treated rats
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Data are presented as mean ± SE (n = 8). Statistical significance of means was determined using one-way ANOVA followed by Duncan\'s multiple-range post hoc test. Values not sharing a common superscript letter are significantly different at *P* \< 0.05. NS, not significant. Control, no ethanol; E, ethanol; EM1, ethanol + 0.6% DL-Met; EM2, ethanol + 0.8% DL-Met

###### Effects of methionine supplementation on plasma aminotransferases and lipids in chronic ethanol-treated rats
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Data are presented as mean ± SE (n = 8). Statistical significance of means was determined using one-way ANOVA followed by Duncan\'s multiple-range post hoc test. Values not sharing a common superscript letter are significantly different at *P* \< 0.05. NS, not significant. Control, no ethanol; E, ethanol; EM1, ethanol + 0.6% DL-Met; EM2, ethanol + 0.8% DL-Met

###### Effects of methionine supplementation on plasma aminothiols and liver folate in chronic ethanol-treated rats
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Data are presented as mean ± SE (n = 8). Statistical significance of means was determined using one-way ANOVA followed by Duncan\'s multiple-range post hoc test. Values not sharing a common superscript letter are significantly different at *P* \< 0.05. NS, not significant, Control, no ethanol; E, ethanol; EM1, ethanol + 0.6% DL-Met; EM2, ethanol + 0.8% DL-Met
